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Improved Performance of Cu-Co CPP GMR Multilayer Sensors
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A b s t r a c t  -- We have fabricated and tested GMR
magnetic flux sensors that operate in the CPP mode.
This work is a continuation of the u l tra-high
density magnetic sensor research introduced a t
INTERMAG 96. We have made two s i g n i f i c a n t
modifications to the process sequence. F i r s t ,
contact to the sensor is made through a m e t a l
conduit deposited in situ with the multilayers. T h i s
deposition replaces electroplating. T h i s
configuration ensures a good electrical interface
between the top of multilayer stack and the t o p
contact, and a continuous, conductive current p a t h
to the sensor. The consequences of t h i s
modification are an increase in yield of opera t iona l
devices to ≥90% per wafer and a s i g n i f i c a n t
reduction of the device resistance to ≤560 mΩ and
of the uniformity of the device resistance to ≤3%.
Second, the as-deposited multilayer structure h a s
been changed from [Cu 30 Å/Co 20 Å ] 1 8  (third
peak) to [Cu 20.5 Å/Co 12 Å ] 3 0  (second peak) t o
increase the CPP and CIP responses. The sheet f i l m
second peak CIP GMR response is 18% and t h e
sensitivity is 0.08 %/Oe. The sheet film third p e a k
CIP GMR response is 8% and the sensitivity is 0 . 0 5
%/Oe. The second peak CPP GMR response averaged
over twenty devices on a four inch silicon substrate
is 28% ± 6%. The response decreases radially from
the substrate center. The average response at t h e
center of the substrate is 33% ± 4%. The average
second peak CPP sensitivity is 0.09 %/Oe ± 0 . 0 2
%/Oe. The best second peak CPP response from a
single device is 39%. The sensitivity of that d e v i c e
is 0.13 %/Oe. The third peak CPP GMR response i s
approximately 14%. The third peak CPP r e s p o n s e
sensitivity is 0.07 %/Oe.   

I. INTRODUCTION

This research is part of a larger effort to  develop a biased,
shielded magnet flux sensor that can be scaled to perform at
densities >25 Gbits/in2 [1]. The magnetic sensor is composed
of a giant magnetoresistive (GMR) multilayer (ML) film and
is designed to operate in the current perpendicular to the plane
(CPP) mode. The advantages to using the CPP mode are:
current flow in the direction perpendicular to the ML film
plane gives a greater GMR response than current flow in the
ML plane [2], and output voltage (∆V) will increase as the
sensor diameter is decreased. Therefore, as the diameter of a
CPP mode sensor is decreased to improve the spatial
resolution, the output signal should increase. It is the focus
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of this research to fabricate submicron diameter test devices.
The goal is to demonstrate that a GMR ML sensor configured
for CPP mode operation capable of multi-Gbits/in2

performance will have a sufficiently large ∆V and sensitivity
to be practical for magnetic information retrieval.

The test device is composed of a GMR ML sensor that is
patterned using electron beam lithography. The ML is
deposited in situ onto the bottom contact. The top contact is
self-aligned to the sensor. This is accomplished, in part, by
chemical mechanical polishing (CMP). The top and bottom
contacts are electrically isolated by a plasma enhanced
chemical vapor deposited (PECVD) Si3N4 film. The
configuration of the contacts allows four point probe
resistance measurements. The fabrication details and the quasi-
static test (QST) results for test devices fabricated using Cu-
Co third peak ML spacing have been published [3]. The third
peak test devices can be characterized by the following: (1)
The ML structure was [Cu 30 Å/Co 20 Å]18. (2) The sensor
diameter was nominally 0.43 µm. (3) The device resistance
was typically many ohms varied by as much as 13% per
wafer. (4) The yield of operational devices was typically less
than 20% per wafer. (5) The sensitivity was ≤0.1 %/Oe.

We have addressed the low yield, low sensitivity, and high
device resistance by making two significant modifications to
the fabrication sequence. First, contact to the sensor is made
through a metal conduit deposited in situ with the
multilayers. This is done in place of the electroplating
processes described in [3]. This configuration ensures a good
interface between the top of ML stack and the top contact, and
a continuous, conductive current path to the sensor. Second,
the as-deposited ML structure has been changed to [Cu 20.5
Å/Co 12 Å]30 (second peak) to increase the CPP and CIP
responses. This paper will focus on the  Cu-Co second peak
ML spacing CPP GMR test devices. We will outline the
processes developed to fabricate CPP GMR devices detailing
the process modifications. We will present device resistance,
QST, and yield data for these test structures. Finally, we will
discuss how performance of these devices can be further
improved.

II. FABRICATION

The test devices are fabricated on four inch diameter (100)
silicon substrates. The bottom contact is a Mo-Si ML
deposited by low pressure dc magnetron sputtering. By
optimizing the deposition parameters, >0.5 µm thick Mo-Si
multilayers can be deposited with resistivity <100 µΩ-cm
and <0.2 nm RMS roughness [4]. The nominal structure is
[Si 15 Å/Mo 30 Å]100/Si 15 Å. The measured resistivity of
the Mo-Si ML bottom contact is approximately 25 µΩ-cm.
This Mo-Si ML is continuous and exhibits no amplification
of roughness or columnar growth throughout the stack [4].
The Cu-Co ML is deposited onto the Mo-Si ML without
breaking vacuum. The nominal structure is [Cu 20.5 Å/Co
12 Å]30. The thickness uniformity of the Cu-Co ML is
better than 1% over a four inch substrate [5]. A 500 nm Cu



film is deposited in situ to provide the conductive conduit to
the sensor.

The next six process steps have been described elsewhere
[3]. (1) Submicron diameter features are written using electron
beam lithography. (2) The [Cu 20.5 Å/Co 12 Å]30[Cu 200
Å]25 films are physically etched using an electron cyclotron
resonance (ECR) etcher. (3) A 150 nm thick PECVD Si3N4
film is deposited immediately following the ECR etch to
passivate the metals. (4) The bottom Mo-Si ML contact is
patterned using optical lithography, then reactive ion etched
using the ECR plasma source. (5) A thick PECVD Si3N4
film is deposited to provide the necessary electrical isolation
between the bottom Mo-Si ML contact and the upper Cu
contact. (6) The contact windows to the Mo-Si ML are
patterned using optical lithography, then reactive ion etched
using the ECR plasma source.

The SEM shown in Fig. 1 shows the [Cu 20.5 Å/Co 12
Å]30[Cu 200 Å]25 stack after the ECR etch. The as-exposed
features are nominally 0.46 µm diameter pedestals. The post-
ECR-etch features are conical with base diameters of
approximately 1.5 µm. The pedestals are approximately 1.1
µm tall. The ECR etch used at this process step is primarily
a physical etch. The expansion of the base width and the
shape of the Cu conduit are caused by re-deposition of the 500
nm of Cu. This problem can be minimized by replacing the
Cu with a metal that can be reactive ion etched.

The Cu conduit is exposed by CMP. The PECVD Si3N4
provides an excellent surface for "local planarization" by
CMP. There are two characteristics of the CMP process that
permit local planarization. First, CMP removes surface
protrusions at a much greater rate than the removal rate of the
surface. The time required to planarize the region occupied by
each [Cu 20.5 Å/Co 12 Å]30[Cu 200 Å]25 stack, therefore,
is independent of the removal rate of the surface. Second, the

Figure 1. SEM micrograph of the [Cu 20.5 Å/Co 12 Å]30[Cu 200 Å]25
pedestal after the ECR etch. The base diameter is 1.5 µm and the height is
1.1 µm.



CMP removal rate of PECVD Si3N4 is typically much
slower than the rate of PECVD SiO2. Using a PECVD
Si3N4 passivation film allows one to develop a CMP process
that reduces the surface roughness and removes surface
protrusions (i.e., locally planarizes) while removing less than
50 nm of the PECVD Si3N4 film. Because the removal rate
is low, the polishing can be continued as long as is required
to planarize the region occupied by each [Cu 20.5 Å/Co 12
Å]30[Cu 200 Å]25 stack without excessive, non-uniform
PECVD Si3N4 film loss. The insensitivity to the endpoint is
particularly important when etching large square Al2O3-TiC
substrates because the etch rate is non-uniform at the
substrate corners.

The Cu conduit is exposed by CMP if the combined
thickness of the two PECVD Si3N4 films is less than the
height of the [Cu 20.5 Å/Co 12 Å]30[Cu 200 Å]25 stack.
The final thickness of the PECVD Si3N4 also determines the
length of the Cu conduit. A 500 nm Cu film is deposited
following CMP and an Ar ion etch back. The top contact is
patterned using optical lithography, then reactive ion etched
using the ECR plasma source.

III. QUASI-STATIC TESTING

The QST station has been previously described [3]. Fig. 2
shows the CPP GMR response from a second and third peak
test device and the CIP GMR response from a second and
third peak as-deposited sheet film. The applied magnetic field
is swept from -750 Oe to 750 Oe. The second peak CPP
response is determined using the following parameters: d =
1.5 µm, ρ = 18.5 µΩ-cm, and t = 97.5 nm, where d is the
sensor diameter, ρ is the sheet resistivity of the ML, and t is
the thickness of the ML. The second peak CPP test current is
4 mA dc with a 3 mA 0-to-peak sinusoidal modulation. The
calculated second peak sensor resistance is 10.2 mΩ. The
device resistance is 537 mΩ. The maximum calculated second
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Figure 2. The second peak and third peak CPP and CIP GMR responses.
The maximum calculated second peak CPP response is 39%. The maximum
calculated third peak CPP response is 14%. The second peak CIP response
is 18% and the third CIP peak response is 8%.



peak CPP response from a single device is 39%. The
saturation field is 300 Oe, the sensitivity is 0.13 %/Oe, and
the coercivity is 50 Oe. The third peak CPP response is
determined using d = 0.43 µm, ρ = 18.5 µΩ-cm, and t = 90.0
nm. The third peak CPP test current is 2 mA dc with a 1 mA
0-to-peak sinusoidal modulation. The calculated third peak
sensor resistance is 114.4 mΩ. The device resistance is 8.71
Ω. The high device resistance is attributed to the Au
electroplating process [3]. The maximum calculated third peak
CPP response from a single device is 14%. The saturation
field is 250 Oe, the sensitivity is 0.07 %/Oe, and the
coercivity is 90 Oe. The maximum ∆V is 8.4 µV at 2.12 mA
for the second peak device and 12.7 µV at 0.71 mA for the
third peak device.

The CIP GMR responses are determined by four-point
probe using as-deposited sheet films. The current is 2 mA dc
with a 1 mA 0-to-peak sinusoidal modulation for both the
second and third peak CIP tests. The second peak CIP
response is 18% and the third peak response is 8%. The
second peak CIP response sensitivity is 0.08 %/Oe and the
third peak CIP response sensitivity is 0.05 %/Oe. The second
peak and third peak CIP coercivities are 50 Oe and 110 Oe,
respectively. The second peak and third peak CIP saturation
fields are 255 Oe and 210 Oe, respectively. Note that the
maximum second and third peak CPP responses are
approximately twice the corresponding CIP responses. This
result is consistent with published experimental Cu-Co ML
response data [6]. The CPP and CIP responses are isotropic.

Fig. 3 shows the second peak CPP GMR response from
twenty devices on a single wafer. The columns are
perpendicular to the major flat. The devices are separated by
15 mm. The shape of the second peak CPP response shown
in Fig. 2 is representative of the shape of all twenty
responses from the wafer. The average device resistance
measured is 539 mΩ ± 12 mΩ. The CPP response averaged
over twenty devices on a four inch silicon substrate is 28% ±
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Figure 3. The second peak CPP GMR response of twenty devices from a
single wafer. The response averaged over twenty devices is 28% ± 6%.
The response averaged over the nine devices at the center of the wafer is
33% ± 4%.



6%. The average sensitivity is 0.09 %/Oe ± 0.02 %/Oe and
the average coercivity is 47.4 Oe ± 8.0 Oe. The response
decreases radially from the wafer center. The CPP response
averaged over the nine devices at the center of the wafer is
33% ± 4%. The average center values for the sensitivity,
saturation field, and coercivity are 0.11 %/Oe ± 0.02 %/Oe,
296.7 Oe ± 27.8 Oe, and 48.3 Oe ± 7.5 Oe, respectively.

IV. CONCLUSION

We have fabricated and tested Cu-Co GMR ML test devices
designed for CPP mode operation. The following conclusions
can be made based on the data: (1) The calculated second peak
GMR response from a CPP mode device is as large as 39%.
(2) The CPP response is approximately twice the CIP
response for both second and third peak ML spacings. (3) The
response is isotropic in both the CPP and CIP modes. (4)
The response is hysteretic. (5) The output voltage does not
satisfy our specifications. (6) The sensitivity does not satisfy
our specifications. The last three conclusions are problems
that will need to be corrected to realize a practical magnetic
flux sensor. We are currently addressing these problems.
First, we are substituting the Cu conduit with a metal that
can be reactive ion etched. This makes is possible to fabricate
test devices with sub-0.5 µm diameters. Reducing the radius
by a factor of three will cause a nine fold increase in ∆V.
Further, a sensor composed of a single magnetic domain is
expected to be more sensitive and less hysteretic than its
multidomain counterpart. By fabricating deep submicron
diameter sensors, we hope to realize a large increase in ∆V
and possibly benefit by single domain behavior. Second, we
are fabricating devices using alternative GMR ML pairs and
novel ML configurations.
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